2012). Those classified as having a "Good" level of resistance to LS are among bread wheat cultivars, while none of the currently registered durum wheat cultivars have a level of LS resistance higher than "Fair". The available relative ratings of cultivars within these wheat species for LS reaction are the result of separate field trials conducted throughout several years and thus under different environmental conditions, with no evaluation having been done for all cultivars under the same conditions. Recently, a 3-yr trial conducted by Fernandez et al. (2014a) under organic conditions in southwestern Saskatchewan reported significant differences among a number of bread and durum wheat cultivars in reaction to LS, while also observing that overall durum wheat cultivars were the most susceptible.
There have been multi-year studies on LS of wheat conducted at one or more locations in various regions, including different soil zones in western Canada (see Materials and Methods for a definition of soil zones). In most cases, differences among locations and years were reported, in addition to impacts of agronomic practices, including cultivar, not only on disease levels but also on the relative prevalence of the pathogens. Replicated plot studies on LS of wheat were done in the 1980s and 1990s in southern Saskatchewan at Indian Head in the Black soil zone (Bailey et al., 1992 (Bailey et al., , 2000 (Bailey et al., , 2001 , Swift Current in the Brown soil zone (Fernandez et al., 1998b (Fernandez et al., , 1999 , and both these locations (Wang et al., 2002) . These studies reported some significant, and sometimes conflicting, effects of agronomic practices on the LS complex. Bailey et al. (2001) showed that in some years bread wheat grown after summerfallow had lower LS severity than when grown following another wheat crop. Fernandez et al. (1999) , on the other hand, reported that bread wheat grown after summerfallow had higher LS severity than wheat grown continuously. A more recent study conducted in the same Brown soil zone area under different environmental conditions and crop management (Fernandez et al., 2016) showed that wheat preceded by summerfallow had lower disease levels than the following wheat crop. A rotation with non-cereal crops resulted in lower LS severity in bread wheat compared to continuous wheat or wheat grown after summerfallow in years with high disease pressure (Fernandez et al., 1998b) . Similar studies conducted in North Dakota (Krupinsky et al., 2004) also showed that the inclusion of non-cereal crops resulted in a lower severity of LS in the subsequently-grown bread wheat crop compared to wheat grown after wheat. Some of the studies cited above reported either no impact of crop rotation on the prevalence of the LS pathogens or their results were not consistent.
In a 3-yr (2000-2002) LS survey conducted on commercial bread wheat fields across two crop districts (1B and 5A, Fig. 1 ) in the Black soil zone in southeastern Saskatchewan, Fernandez et al. (2009) reported that isolations of LS pathogens from diseased leaves were affected by agronomic practices. They concluded that P. tritici-repentis was associated with previously-grown non-cereal crops under zero-till management, while P. nodorum, M. graminicola, and C. sativus were associated with previous cereal crops or summerfallow under conventional tillage. There also appears to be a greater variation among previous studies on the effects of crop rotation than tillage system on LS development. The more variable effects of crop rotation on LS development is likely attributable to the survival and reproduction of these pathogens in debris of host and nonhost plants being impacted by region and weather conditions, among other factors.
There have not been any long-term province-wide studies on LS in wheat in Saskatchewan to compare LS severity and relative prevalence of the LS pathogens between wheat species, and among soil zones and agronomic practices. It would therefore be of value to examine bread and durum wheat commercial fields in different ecozones in Saskatchewan over several years for development of LS and pathogen prevalence. Management of crop disease requires knowledge of the soil and environmental factors (across space and time) influencing the development of LS and pathogen prevalence in bread and durum wheat. A long-term and large-scale (province-wide) survey was conducted to evaluate the LS complex in bread and durum wheat grown commercially under different crop management regimes. Our specific objectives were to determine: (i) how LS disease development and pathogen prevalence might be explained by wheat species, soil zone, latitude, longitude, previously-grown crop/tillage, and weather conditions throughout the growing season; and (ii) if there were any changes in pathogen prevalence over time and space that could be explained by environmental conditions. A study of this nature might suffer from confounding effects of the various practices implemented by producers in different regions over different environments. However, it will allow for broader and more reliable inferences regarding LS development, allow producers in different regions of the province to make more informed decisions regarding their agronomic practices within growing seasons and from year to year, and help wheat breeders decide what pathogen(s) they need to target for incorporating disease resistance into adapted germplasm.
MAteRiALs And Methods collection and evaluation of Wheat samples
and categorization of crops/Fields Sampled fields were categorized based on whether they were in the Brown, Dark Brown, Black, or Dark Gray soil zones. The bulk of the soils in the Brown soil zone (agroecoregion 12) are Aridic Ustolls (Brown Chernozems) (Padbury et al., 2002) . This soil zone is drier than adjoining agroecoregions to the North and East. The bulk of the soils in the Dark Brown soil zone (agroecoregion 11) are loam-textured Typic Ustolls (Dark Brown Chernozems). In the Black/Dark Gray soil zone (agroecoregions 2 and 10), the bulk of the agricultural soils are loam to clay loam in texture and classified as Udic Ustolls (Black Chernozems). According to Campbell et al. (1990) , typical content in organic matter of these soil zones are: Brown, about 2%; Dark Brown, about 4%; Black, about 7%; and Dark Gray, 1 to 10%. Average annual and growing season precipitation increase, while evapotranspiration and mean annual temperature decrease, from the Brown to the Black or Dark Gray soil zones (Padbury et al., 2002;  Table 1 ). To determine the soil zone and crop district for each field surveyed, the legal land location was overlain with the soil zone (Agriculture and Agri-Food Canada, 2014) and crop district data (Saskatchewan Ministry of Agriculture, 2014) using ArcMap 10.1 (ESRI, 2013) (Fig. 1) .
A total of 1693 commercial fields (experimental units) were surveyed randomly in 2001 to 2012 across 20 crop districts, but because of some incomplete information, 1657 fields were used for the analysis (Fig. 1) . Overall, 21% of the fields were durum wheat and 79% were bread wheat, most of which being Canada Western Red Spring. Across the 12 yr, 29% of all wheat fields sampled were in the Brown soil zone, 35% in the Dark Brown soil zone, and 36% in the Black/Dark Gray soil zone. There were more durum wheat crops sampled in the Brown soil zone (56% of all crops surveyed) than in the Dark Brown soil zone (40%), with the Black/Dark Gray soil zone having the lowest proportion of durum wheat crops sampled (4%).
These annual field surveys were conducted at the milk-dough stages (Zadoks growth stage 75-83) (Zadoks et al., 1974) , from late July to early August. Most of the bread and durum crops sampled would have been seeded from mid-April to the end of May. No information on the identity of the cultivar sampled was obtained for any of the fields sampled. Based on the Saskatchewan Management Plus data provided by the Saskatchewan Crop Insurance Corporation, Table 2 shows the 10 most frequently grown bread wheat varieties, and the 5 most frequently grown durum wheat varieties, across Saskatchewan in each of the 12 yr when this study was conducted. The majority of the eight most grown bread wheat varieties belonged to the Canada Western Red Spring class: Lillian and AC Barrie, followed by McKenzie, Superb, AC Harvest, AC Intrepid, AC Unity, Prodigy, AC Andrew, and Infinity. Most of these varieties are categorized as having a reaction to the LS complex ranging from "Fair" to "Poor" (Fernandez, personal observations; Saskatchewan Ministry of Agriculture, 2012) . The most commonly grown durum wheat cultivars (Canada Western Amber Durum) were AC Avonlea, Kyle, Strongfield, and AC Navigator, which are categorized as having a reaction to the LS complex ranging from "Fair" to "Very Poor". Most of these bread and durum wheat cultivars have been observed to develop moderate to high levels of LS under high disease pressure.
There was no reliable information on whether any of the bread or durum wheat crops sampled had been sprayed with fungicides at any growth stage. However, the limited fungicide spraying that might have occurred in the sample period when in most cases environmental conditions were not very conducive to disease development, is not expected to have significantly affected a multi-year study of this nature that includes cultivars varying in reaction to the LS complex and a range of agronomic practices across the province. In any case, in a recent year, crops that were treated with aerial fungicides at stages at which they would control LS, still developed infection that was classified as low to high (Fernandez et al., 2015) , so it is not likely that chemical spraying would confound the analysis of the risk factors examined in this study. Regardless, even if fungicide applications had in some cases affected LS severity, it is not likely that they would have affected the relative isolation of pathogens from affected leaves.
Previous cropping practice (a cereal, oilseed or pulse crop, or summerfallow) was identified for most fields based on the crop residue on the ground. The previous cropping practice was identified in 2001 and 2002, and from 2007 to 2012 , in a total of 584 bread and 139 durum wheat crops, representing 44% of all crops surveyed. Tillage intensity was estimated by the amount of crop residue on the ground. Fields with low amounts of residues on the ground were classified as conventional-till, while those with greater amounts of residues were classified as reduced tillage.
In each field, flag leaves from a total of 35 to 50 plants were removed randomly starting at 30 paces from the edge of the field. A large circular pattern was followed stopping every 10 paces to collect three to four flag leaves from each of 15 spots. Samples were air-dried at room temperature and percentage of area affected by LS was calculated for each leaf, and a mean percentage leaf area with spots was calculated for each field. Disease symptoms at a mean level of 5% or more was defined as an economically-damaging infection (Gladders et al., 2001) .
Leaf spotting pathogens were isolated in crops with the highest LS severity in each of the years, for a total of 880 fields representing >50% of all the fields sampled. About 1 cm 2 pieces of lesioned leaf tissue were surface-disinfested for 1 min in 0.6% Table 1 . Annual precipitation and evapotranspiration, precipitation in the growing season, mean annual temperature, and number of days with ≤18°C or ≥32°C, in agroecoregions representing three soil zones across Saskatchewan (extracted from Padbury et al. 2002) .
Soil zone (agroecoregion)
Annual precipitation Precipitation (April-July) NaOCl, followed by two rinses in sterile distilled water, and then plated on water agar. (Natural Resources Canada, 2013) . For each climate cell, the average temperature and total precipitation for each month is determined. To determine the climate characteristics for each field sample site, the samples were overlain on to the gridded climate cells in ArcMap 10.1 (ESRI, 2013) . A buffer of 10 km around each sample site was used to find the nearest climate cells resulting in a minimum of two and a maximum of four climate cells found for each sample site. Then, using the two to four cells, the climate data was averaged between these locations and the average temperature and total precipitation for each month in 2001 to 2012 was determined and assigned to each sample site.
statistical Analyses
The first portion of the analysis used a partial least squares projection to latent structures (PLS). This analysis was used to find a subset of climatic (precipitation and temperature) and location (latitude and longitude) factors that best predicted LS severity and percentage isolation of the main pathogens (P. tritici-repentis, P. nodorum, C. sativus). The PLS analysis was performed using the PROC PLS procedure of SAS (SAS Institute, 2013; Tobias, 1995) . Predictors with the greatest influence in explaining LS severity and percentage isolation were selected based on the criterion of variable importance in the projection (VIP) > 0.8 (Wold, 1995) and the size of the standardized PLS regression coefficient (coefficients near to or greater than or about 0.07 or less than or about -0.07). Important predictors were considered for further analysis (i.e., analysis of variance).
Leaf spotting severity and fungal isolate data for the most prevalent pathogens (P. tritici-repentis, P. nodorum, C. sativus) were assessed on a proportion (percentage) scale. To properly account for the binomial nature (LS present or not and pathogen species isolated or not) of this type of data (Stroup 2014) , the GLIMMIX procedure of SAS (Littell et al., 2006; SAS Institute, 2013) along with a b error distribution and default logit link function was used to analyze the data. Each response variable was analyzed separately for each wheat species, and simultaneously included the fixed effects of rotation (previous crop) by tillage intensity, soil zone, and important regressors ascertained from the PLS analysis. A random statement with crop districts nested within years was used to account for the fact that different fields were selected each year and fields were clustered among crop districts (Zhu, 2014) . For the GLIMMIX statement, the method option was set to Laplace (suited for multilevel survey data) and the empirical option was set to classical to ensure proper estimation of standard 2,361,346 † http://www.saskcropinsurance.com/resources/smp/ "-"indicates that the cultivar is not among the most commonly grown in that year, not necessarily that it was not grown.
errors and variances (SAS Institute, 2013) . Means and SE for class factors were back-transformed from logit scale to original percentage scale using an inverse link function. Linear slope coefficients and SE for the regressors were estimated using estimate statements and were converted from logit scale to odds ratio (odds of greater response relative to a lesser response). The default method of lines option for LSMEANS statement of PROC GLIMMIX was used to separate means at a = 0.10 (SAS Institute, 2013). Significant mean differences were considered even if main effects of previous crop/tillage and soil zone were not statistical significant themselves (unprotected F test; Chew, 1977) . Other fungal species isolated (M. graminicola and P. avenaria) were less prevalent, and consequently data for these species included numerous zeroes. Thus, an analysis of variance, as described above, would not be suitable for these data. Less prevalent fungal species responses were summarized with median and coefficient of dispersion (interquartile/median × 100), which are statistics more robust to data that are not normally distributed.
A multivariate analysis was performed to investigate the associations among disease variables (LS severity, and P. triticirepentis, P. nodorum, C. sativus percentage isolation) and climate (precipitation and temperature) parameters, and their coincidence with the different years. The analysis was a generalized form of principal components analysis called multidimensional preference analysis conducted with the PRINQUAL procedure of SAS (SAS Institute, 2013) using a monotone transformation for disease variables and an identity transformation for the climate variables. The results of the multidimensional preference analysis were summarized in a biplot. The mean standardized principal component scores for each year were plotted as points in the ordination space. Eigenvectors (correlation between the transformed and original data) for the LS severity-pathogen isolation and climate variables were plotted as points at the end of vectors projecting from the origin into various positions in the ordination space. The coincidence of LS severity-pathogen isolation/climate vectors indicated relationships among LS severity, pathogen isolation, and climate variables. The coincidence of LS severity-pathogen isolation/climate vectors and years (mean principal component scores) across the ordination space suggested associations with the LS severity-pathogen isolation/climate variables and years. The relative lengths of the vectors indicated the strength of these relationships and associations.
A brief report, with no data analysis, on each of the 12 yr of this survey, was published annually in the Canadian Plant Disease Survey (http://phytopath.ca/publication/cpds/).
ResuLts And discussion
For the total of bread and durum wheat crops sampled across the province from 2001 to 2012, the arithmetic mean LS severity on the flag leaf was 5.7%, ranging from 0 to 38% of the flag leaf affected. A mean of 43% of all wheat crops had a mean LS infection of ≥5% on the flag leaf, and thus might have suffered an economic impact of this disease complex.
For all 12 yr combined, arithmetic means indicated that the mean percentage fungal isolation from affected bread and durum wheat leaves collected across the province was highest for P. tritici-repentis (63%), followed by P. nodorum (15%), M. graminicola (10%), C. sativus (7%), and P. avenaria (4%). The occurrence of these pathogens followed the same pattern as their percentage isolation, among the crops with the highest LS severity. Pyrenophora tritici-repentis was the most widespread pathogen (present in 99% of all wheat samples plated), followed by P. nodorum (74%), C. sativus (61%), M. graminicola (60%), with P. avenaria being isolated from the lowest percentage of samples plated (28%). In general, the relative prevalence and occurrence of these LS pathogens agrees with a bread wheat survey conducted in 2000 to 2002 in the eastern region of Saskatchewan, in crop districts 1B and 5A (Fernandez et al., 2009 ).
The effect (class factor) of wheat species was significant for LS severity (Table 3) , which was greater for durum than bread wheat. The greater susceptibility of durum wheat to LS agrees with observations by Fernandez et al. (1996) . The effect of wheat species was also significant for percentage isolation of the most common LS pathogens. Isolation of P. tritici-repentis and C. sativus was greater for durum than bread wheat, while that of P. nodorum was greatest for bread wheat. The greater percentage isolation of P. tritici-repentis from durum wheat, and of P. nodorum from bread wheat, agrees with observations by Fernandez et al. (1996) and Gilbert et al. (1998) , while Fernandez et al. (1996) reported a greater isolation of C. sativus from bread than durum wheat, although levels were low in both wheat species. Medians indicated that percentage isolation of M. graminicola was 5.6% (coefficient of dispersion = 309%) for bread vs. 0% for durum wheat. Median estimates for P. avenaria were 0% for both wheat species, which reflected the very low levels for this fungal species over the course of this study. Table 4 summarizes climatic conditions, LS severity, and percentage isolation and occurrence of the most common pathogens for each of the 12 yr of this survey. While generally there was an increase in both precipitation and LS severity in both bread and durum wheat over the 12 yr, temperature was relatively more consistent over the sampling period. For all crop districts combined, total precipitation around the bread wheat fields from May to Pyrenophora tritici-repentis had consistently the greatest percentage occurrence and isolation in all years of this survey in both wheat species (Table 4) . Percentage isolation and occurrence of the other LS pathogens varied among the 12 yr, but in most cases none appeared to consistently increase or decrease from the beginning to the end of this study. Percentage occurrence of P. nodorum was greatest in 2003, 2005, and 2011 in bread wheat, and 2003, 2008, and 2010 in durum wheat. In both wheat species, C. sativus was isolated more in 2012 than in the other years of the study, while its percentage occurrence was also highest in 2012. In durum wheat, the high occurrence levels of C. sativus in 2012 followed 3 yr of a greater occurrence than for most of the previous years. Compared to P. triticirepentis, C. sativus had a similar percentage occurrence in 2012 in both wheat species, and similar percentage isolation in 2012 in durum wheat.
Total precipitation and mean temperature around the fields sampled, and LS severity and percentage fungal isolation also were summarized across all 12 yr for each of the crop districts (Fig. 2) . For bread wheat, total precipitation in May to July was highest in south-eastern, eastern, and northern crop districts (1A, 1B, 2A, 5A, 5B, 8B, 9A), and lowest in southern and western crop districts (2B, 3B, 4A, 4B, 7A, 7B) (Fig. 1) . Average mean temperature for May to July was highest in southern crop districts (1A, 2A, 2B, 3A, 3B, 4B), and lowest in northern crop districts (5B, 7B, 8A, 8B, 9A, 9B). The precipitation and temperature data for the durum wheat fields is based on fewer fields than for bread wheat and thus less reliable than for the latter (data for durum wheat not presented). Table 5 summarizes the number of bread and durum wheat fields surveyed associated with a previous crop (or summerfallow) and tillage intensity across crop districts for all 12 yr combined. For the 584 bread wheat crops with previous crop information, the most popular cropping practice the previous year was an oilseed crop (44%), most of which were canola (Brassica spp.), followed by summerfallow (22%), cereal (18%), and pulse (16%). For durum wheat, for the 139 crops with previous crop information, a previous year of summerfallow was more common (32%) than a previous pulse or oilseed crop (25-26%), while the least common previous crop was a cereal (18%). In the LS survey conducted by Fernandez et al. (2009) in eastern Saskatchewan, the most frequent crop grown before the bread wheat sampled was also an oilseed (47%), while summerfallow preceded bread wheat in only 9% of the fields. The proportion of fields with a preceding cereal (24%) or pulse (20%) crop were somewhat higher than for bread wheat in the present study. The overall greater frequency of summerfallow in the present province-wide study than in the Black/Dark Gray soil zone of eastern Saskatchewan where the survey by Fernandez et al. (2009) Padbury et al. (2002) . The increasing dry conditions going from the Black/Dark Gray soil zone to the Brown soil zone in western Canada would be associated with a greater frequency of summerfallow practiced by wheat producers.
Tillage intensity, recorded in all years except 2003 to 2005, was based on the amount of ground residues when the fields were sampled. Most fields (82%) were considered to be under reduced tillage, with the rest being under greater tillage intensity (Table 5 ). Bread and durum wheat crops with an oilseed or pulse as the previous crop were mostly under reduced tillage, followed by those preceded by a cereal. For crops preceded by a summerfallow year, there was more bread wheat under conventional than reduced tillage, while the numbers of conventional and reduced tillage durum wheat fields were similar. Fernandez et al. (2009) noted similar tillage intensity trends for the fields sampled in their study. In both their eastern Saskatchewan bread wheat survey and the present one, wheat crops in rotation with non-cereal crops were mostly grown under reduced tillage while those alternating with summerfallow were mostly under conventional tillage.
The effect (class factor) of previous crop/tillage was statistically significant for LS severity in both bread and durum wheat (Table 6 ). For bread wheat, LS severity was greatest for a previous year of summerfallow under reduced tillage than when wheat had been preceded by an oilseed crop under reduced tillage. For durum wheat, LS severity was greatest for reduced tillage systems where there was no previous crop information followed by summerfallow systems. In contrast, durum wheat with a previous oilseed crop had the lowest mean disease severity.
In bread wheat, there was an effect of previous crop/tillage on P. tritici-repentis and C. sativus only (Table 6 ). However, when we examined mean differences, as indicated by letters outputted for means, significant differences (a = 0.10) were noted and considered for further interpretation (unprotected F test). Previous oilseed crops were associated with a lower frequency of P. tritici-repentis than when bread wheat was grown after a pulse, with other rotation/tillage combinations being intermediate. Percentage isolation of C. sativus was greatest for bread wheat that followed summerfallow under conventional tillage and lowest for the other previous crop/ tillage combinations, except for summerfallow under reduced tillage which was intermediate. In contrast, previous crop/tillage was significant for all pathogens in durum wheat. Mean percentage isolation of P. tritici-repentis in durum wheat was lower for a previous year of summerfallow than for a previous pulse crop or NR (fields where previous crop is not available), all under reduced tillage, with other previous crop/tillage combos being intermediate. Cochliobolus sativus was greatest after summerfallow or an oilseed crop, both under reduced tillage, and lowest after a pulse or NR, also under reduced tillage, with other previous crop/tillage combinations being intermediate. Phaeosphaeria nodorum was only affected by 4B  34  2  2  2  3  5  2  2  2  2  20  1  2 Total  347  3  22  25  2  21  21  44  1  1  34  36  1  3  30  34  167  5  36 208 † Number of fields surveyed = crops where leaf spot severity was assessed. ‡ NR = no reponse, CT = conventional tillage, RED = reduced tillage.
previous crop/tillage in durum wheat, percentage isolation of this pathogen was lower after summerfallow under conventional tillage than after a pulse crop under reduced tillage, with other previous crop/tillage combinations being intermediate in response. The observation that previous crop/tillage affected the fungal isolate responses more in durum than bread wheat might be attributed to the fact that durum wheat crops were concentrated in the Brown and Dark Brown soil zones (Table 5 , Fig. 1 ) and thus there might have been less variability in the effect of these agronomic practices than in bread wheat which is grown across the province. Other studies conducted in Saskatchewan and elsewhere have shown an impact of cropping sequence on LS severity and/or fungal isolations from affected leaves. For LS caused mostly by P. tritici-repentis and P. nodorum, there were lower disease severities in bread wheat grown after 1 or 2 yr of noncereal crops than after a wheat crop (Fernandez et al., 1998b; Krupinsky et al., 2007) . This might be attributed to confounding effects with other management factors, including cropping practice 2 yr previous, N fertilizer input, pesticide use, and with tillage methods which could not be determined accurately in the present survey (Fernandez et al., 2009 ). Neither Bailey et al. (1992) nor Gilbert and Woods (2001) found differences in levels of P. tritici-repentis in bread wheat between a non-cereal and a cereal as the previous crop. Gilbert and Woods (2001) also reported that the isolation frequency of P. nodorum in Manitoba was not affected by the previous crop. In the present survey, the association of C. sativus in bread wheat with a previous year of summerfallow under conventional tillage than with any crop agrees with the observation by Fernandez et al. (2009) in eastern Saskatchewan that bread wheat grown after summerfallow (mostly under conventional-till) had higher levels of C. sativus on infected leaves than when grown after a crop, regardless of the species.
The effect (class factor) of soil zone was statistically significant for bread but not durum wheat (Table 7) . Bread wheat grown in the Brown soil zone had a lower mean LS severity than in the other soil zones. The Brown soil zone has the lowest amount of precipitation and highest temperatures in the growing season and annual evapotranspiration (Table 1) . A higher LS severity corresponded with the region (Dark Brown and Black/Dark Gray soil zones) with greater amounts of precipitation, lower evapotranspiration, and mean temperatures. There was no significant effect of soil zone for P. tritici-repentis or P. nodorum in bread or durum wheat. The effect of soil zone was significant for C. sativus in both wheat species. Means indicated that C. sativus was isolated most frequently in the Dark Brown and Black/Dark Gray (bread wheat only for the latter).
The results of the partial least squares analysis are summarized in Table 8 . This analysis was used to find a subset of regressors that best predicted LS severity, and isolation of the main pathogens. Important predictors were those that had VIP>0.8 and had standardized regression coefficients near to or greater than about 0.07 (or less than -0.07). These predictors were bolded in the table, and were then considered for the analysis of variance ( Table 9) .
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The effects (regressors) of latitude and longitude were statistically significant for LS severity in bread wheat (Table 9 ). Slope coefficients indicated that an increase in latitude, that is, going northward, increased the odds (odd ratio slope > 1) of greater disease severity, while for longitude, going eastward also increased LS severity. Northern and eastern regions would be under more wet conditions than the rest of the province. For P. tritici-repentis, longitude was more important than latitude, for C. sativus latitude was most important, while both were important for P. nodorum. Going eastward decreased isolation of P. tritici-repentis (odds ratio slope < 1), C. sativus decreased from south to north, and going northward and eastward increased P. nodorum (odd ratio slope > 1). For C. sativus, a weak longitude effect (P = 0.144) suggested that this pathogen was most prevalent in the southeast. Neither latitude nor longitude significantly affected responses for durum wheat.
The analysis of weather predictors for bread wheat was based on a greater number of samples than for durum wheat, and in addition the former is grown throughout the three soil zones while durum wheat is grown mostly in the Brown soil zone. Precipitation and temperature predictors for LS severity and the main pathogens were important for both wheat species (Tables 8 and 9 ). Most precipitation and mean temperature regressors had a positive effect on LS severity (odds ratio slope > 1). Increasing precipitation or temperature (any month or combination of months) often caused greater LS severity. For bread wheat, an increase in July precipitation, and for durum wheat an increase in precipitation throughout the summer, increased disease severity. For both wheat species, June temperature also increased disease severity, while for durum wheat, higher July temperature appeared to decrease LS severity.
The effect (regressors) of summer precipitation was significant for P. tritici-repentis in bread but not durum wheat (Tables   8 and 9 ). Greater June-July precipitation was apparently associated with a decrease in isolation of this pathogen (odds ratio slope < but close to 1), although it could be speculated that this response is mostly due to greater July precipitation. There were no associations with temperature, except for durum wheat where P. tritici-repentis was positively associated with May temperature (odds ratio slope > 1). Phaeosphaeria nodorum was not associated with precipitation in bread wheat, while greater June temperature resulted in its increase (odds ratio slope > 1). In contrast, for durum wheat precipitation regressors affected this pathogen the most. Greater April and June precipitation increased the isolation of P. nodorum (odds ratio slope > 1), but there appeared to be a negative association of this pathogen with May precipitation (odds ratio slope < 1 but close to 1), while higher May temperature increased (odds ratio slope > 1) its isolation. For C. sativus in bread wheat, greater levels of May and July precipitation and higher July temperature increased its isolation (odds ratio slope > 1). For durum wheat, June-July precipitation (odds ratio slope < but close to 1) appeared to negatively affect its isolation, while lower May temperature (odds ratio slope < 1) and greater June temperature (odds ratio slope > 1) increased its isolation.
Our observations also suggested that variations in environment among years affected LS severity more than soil zones. When mean LS severity were compared in Tables 4 and 5 it was noted that for bread wheat they ranged over a lesser range among crop districts than among the years this survey was conducted. Also, an exploratory analysis similar to that summarized in Tables 6, 7, and 9 showed that when year was included as a class factor in the analysis of LS severity, the F value for the effect of year was highly significant and much larger than the F values for the other factors for both crops (bread wheat: F = 19.8, P < 0.001 for year effect; F = 2.0 to 6.9, P = 0.007 to 0.073, for other significant effects such as latitude, longitude, precipitation in July, soil zone and previous 024 † Leaf spot severity = mean percentage of flag leaf area infected by leaf spots. ‡ Values in columns followed by the same letter are not significantly different at P ≤ 0.10 according to multiple comparison tests and unprotected F test (differences were considered even if main effects of previous crop/tillage and soil zone were not statistical significant themselves). Table 8 T-June-July 0.0 0.909 -0.018 0.159 0.982 † Slope (SE) represents the linear slope coefficient on logit scale. Slope OR represents the slope coefficient converted to odds ratio; odds of more frequent occurrence relative to lesser more frequent occurrence. Slope OR coefficient of 1 means no change for response with respect to changes for regressor. A slope OR > 1 or slope OR < 1 greater or lesser chance of occurence, respectively, for each unit change of the regressor. ‡ Prec = precipitation. § T = mean temperature.
crop/tillage; durum wheat: F = 1285.1, P < 0.001 for year effect; F = 3.4 to 11.8, P < 0.001 to 0.068, for other significant effects such as precipitation in May, June-July, temperature in June, and previous crop/tillage). Thus, the present multi-year survey across Saskatchewan showed that although LS severity was affected by wheat species, soil zone, and previously-grown crop, it was affected the most by environmental conditions over the 12 growing seasons.
To further examine LS severity, percentage pathogen isolation and climatic patterns in relation to annual variations, a multidimensional preference analysis biplot was produced for each wheat species (Fig. 3a, 3b) . Based on the information provided in the biplots, for bread wheat, the growing season precipitation vectors tended to point in the same direction as the LS severity, P. nodorum and C. sativus vectors, and these vectors tended to be associated with mainly 2010 and 2011, and also 2012. The positioning of 2012 in between the precipitation and temperature vectors reflects the higher than average precipitation and temperature in that growing season. Among temperature vectors, June temperature was most related to the previously-mentioned disease and precipitation vectors. These observations would indicate that wet (and warm) conditions, particularly in the later years of the study, were responsible for greater LS severity, and that P. nodorum and C. sativus were responsible for higher LS levels. Mycosphaerella graminicola, which was less prevalent than the former LS pathogens and its corresponding data included numerous zeroes, could not be included in the multidimensional preference analysis. Instead, a Spearman correlation was conducted between this pathogen and the most common LS pathogens for bread wheat where M. graminicola was most frequently isolated. Correlations between M. graminicola and P. tritici-repentis were negative and highly significant in the Dark Brown and Black/Dark Gray (r = -0.50 to -0.53, P < 0.001, N = 216 for Dark Brown, N = 359 for Black/Dark Gray) soil zones, but there was no correlation with C. sativus in those soil zones and a significant negative correlation between M. graminicola and C. sativus in the Brown soil zone (r = -0.29, P = 0.021, N = 61). In contrast, there were highly significant positive correlations between M. graminicola and P. nodorum in the Dark Brown (r = 0.23, P = 0.001, N = 216) and Black/Dark Gray (r = 0.12, P = 0.024, N = 359) soil zones. These observations suggest that M. graminicola is associated with the same conditions that affect P. nodorum in bread wheat, that is, higher precipitation and LS severity levels.
The biplots also revealed that the relationships among vectors and associations among years were mostly similar for wheat species (Fig. 3a, 3b) . One exception was that while the LS severity, C. sativus, and P. nodorum vectors were pointing in a similar direction to precipitation vectors for bread wheat, for durum wheat these three vectors pointed in an area of the ordination space between the clusters of precipitation and temperature vectors, although they were still associated with the last years of this survey (2010) (2011) (2012) . This would suggest that for durum wheat year-to-year patterns for LS severity and causal pathogens are more regulated by a balance of precipitation and temperature, but for bread wheat these patterns are dictated more by precipitation than temperature. The preceding may be due to the fact that there were bread wheat fields in the wetter Black/Dark Gray soil zone, while durum wheat fields were mainly in the drier Brown and to a lesser extent the Dark Brown soil zone. Greater moisture availability in the Black/Dark Gray soil zone may have caused precipitation to be a slightly more important determinant of LS development in bread wheat.
In addition, in the bread wheat biplot, the years when the relative isolation of P. tritici-repentis was higher (>60%) were spread across the ordination space and its vector pointed in the middle of where these years were positioned ( Fig. 3a and Table Fig. 3 . Biplot for the first two principal components derived from the multidimensional preference analysis for leaf spot (LS) data collected from (a) bread and (b) durum wheat crops across Saskatchewan (2001 Saskatchewan ( -2012 . Plotted as vectors are the most prevalent isolates (Ptr, Pyrenophora tritici-repentis; Cs, Cochliobolus sativus, Pn, Phaeosphaeria nodorum); LS severity, and weather variables, P = precipitation and T = temperature for April, May, June, or July, and for combination of months, May-July or June-July. The principal component scores plotted as points are the 12 yr of this survey. 4). Similarly, for durum wheat P. tritici-repentis was isolated at >70% for most years, and it appears that its vector is in position reflecting this (Fig. 3b) . Our observations showed that this pathogen was inversely related to other disease variables for both wheat species and tended to be associated with average or warm temperatures and environmental conditions that tended to be drier, and more prevalent under conditions not conducive for infection by the pathogens most related to greater LS severity. The apparent negative association of P. tritici-repentis with precipitation might be related to competition with the other LS pathogens which are positively affected by moisture conditions, while the lower number of environmental factors influencing this pathogen (Tables 8 and 9 ) can be likely explained by its more ubiquitous nature than that of the other pathogens (Fernandez et al., 2015) . From the above, we can conclude that P. tritici-repentis did not appear to explain LS severity.
The relative isolation of LS pathogens in this study, and their apparent association with environmental variables, agree with previous reports. Loughman et al. (1994) reported that P. nodorum usually occurs at highest levels in high rainfall districts in Australia, and was often found with P tritici-repentis in East Chapman North of Perth (annual rainfall 400 mm) or with M. graminicola in the cooler and higher rainfall area of Mt. Barker South of Perth (annual rainfall 760 mm). In Denmark, Hansen et al. (1994) found a correlation between the severity of P. nodorum and M. graminicola infections in winter wheat in mid-July and the number of days with >1 mm of rain in 1 mo. In a wheat survey in Manitoba, Gilbert et al. (1998) reported that the frequency of isolation of P. nodorum was correlated with wetter and warmer conditions, whereas isolations of P. tritici-repentis were negatively correlated with rain. In a study in southern Saskatchewan, P. tritici-repentis was shown to prevail under hot and dry conditions (Fernandez et al., 1996) .
For C. sativus, one of the least frequent LS pathogens in the present survey but which increased in frequency of isolation and occurrence in the last few years, our results also agree with previous reports. Fernandez et al. (1996) reported that factors associated with years influenced the relative colonization of wheat cultivars by each of the LS pathogens at two locations in southern Saskatchewan from 1991 to 1993. At both locations, in 1991 there was more rainfall in June and temperatures were similar or higher than in 1992 or 1993, while July was drier and warmer than the other 2 yr. These conditions resulted in a greater development of C. sativus in 1991 than in the following 2 yr. In Manitoba, Gilbert et al. (1998) reported that the isolation frequency of this pathogen was positively correlated with temperature, being higher in years with high minimum temperatures (warm nights). In regions where this pathogen is more prevalent than in the western Prairies, Acharya et al. (2011) and Duveiller and Sharma (2009) reported that the development and severity of C. sativus infections are related, among other factors, to high temperatures and relative humidity favoring long duration (>12 h) of leaf wetness.
Our observations also suggest that C. sativus was the pathogen most affected by changes in environmental conditions over the years. Higher disease pressure in 2010 to 2012 related to above-average precipitation and temperature seemed to have promoted the development of this pathogen which appeared to have resulted in higher LS levels, especially in the Brown and Dark Brown soil zones which are mostly where durum wheat, the most susceptible crop to C. sativus, is grown. The highest percentage isolation and occurrence of this pathogen was observed in 2012, so it appeared that environmental conditions might have to change in a significant and sustained manner over more than a growing season for a marked and noticeable change in the isolation and occurrence of this pathogen to be detected, with related changes in LS severity. These observations suggest that given the right environmental conditions (high precipitation and temperature) for a number of growing seasons, C. sativus can become an important leaf pathogen, especially in durum wheat.
Given the widespread and frequent occurrence of root rot in wheat caused mostly by C. sativus in western Canada, especially in durum wheat (Fernandez and Conner, 2011a) , it would be expected that its inoculum levels would not be limiting in this region. This pathogen would be able to survive and reproduce in roots, crowns, and stems of affected plants of wheat and other susceptible crops. In addition to barley (Hordeum vulgare L.), a known host of C. sativus, Duczek et al. (1996) observed that this pathogen sporulated on crowns of other annual cereals, wheatgrass, and other forage grasses, suggesting that sporulation on these crops may maintain or increase its inoculum levels in soil. Non-cereal crops, such as oilseeds and pulses, have also been shown to harbor C. sativus in crowns (Duczek et al., 1996) and roots (Fernandez, 2007) . It is expected that some of the current popular agronomic practices, such as reduced tillage, rotation with non-cereals and lower frequency of summerfallow, would contribute to lower levels of C. sativus in leaves and roots/crowns; however, these practices would help increase the presence of Fusarium pathogens in the latter (Fernandez et al., , 2009 .
Furthermore, dry conditions would not be expected to affect the ability of C. sativus or other LS pathogens to survive saprophytically in crop residues (Fernandez et al., 2008) , which would be expected to decompose at a lower rate under those conditions. Milder winters might also enable increased survival and reproduction of plant pathogens in between growing seasons in western Canada as suggested by Fernandez et al. (1999 Fernandez et al. ( , 2016 for P. tritici-repentis. Duczek et al. (1999) measured inoculum of C. sativus on crop residues in the spring, and reported that it continued to sporulate on wheat and barley residues after two winters.
In addition, the importance of C. sativus as a wheat pathogen, and its potential to cause significant economic losses, also goes beyond its ability to infect leaves and roots/crowns given that it can also cause black point/dark smudge when environmental conditions during kernel development are conducive to their infection (Fernandez and Conner, 2011b) . Kernel discoloration can result in grain downgrading, especially of durum wheat (Canadian Grain Commission, 2015) , with resulting further economic losses. Thus, this pathogen can cause significant damage to wheat over a range of environmental conditions and regions.
This study did not aim at predicting LS development and severity in bread and durum wheat, but rather at explaining changes in pathogen prevalence and disease severity using climate variables over a range of different environmental conditions across time and space. Significant seasonal and regional differences in disease pressure due to variations in environmental variables are likely to continue to occur under a climate change scenario (Juroszek and von Tiedemann, 2013) . It is therefore expected that seasonal fluctuations in the severity of diseases and prevalent pathogens will continue in western Canada, with the potential for high levels of diseases such as LS and a corresponding decrease in crop productivity. Given the observed greater influence of environmental changes over time than of soil zones across space, and the prospect of climate variability reducing differences in disease levels and pathogen frequency among zones, adoption of the best agronomic practices for control of LS should be done regardless of the soil-climatic region. Among these, based on this and previous studies, decreasing summerfallow frequency would result in lower levels of C. sativus, especially in durum wheat which is the most susceptible wheat species.
